INTRODUCTION
Megf 7/Lrp4 (1) belongs to an ancient and highly conserved class of cell surface receptors of which the low-density lipoprotein (LDL) receptor is both the prototype and perhaps the most widely known member (2) . Although cargo transport and internalization of macromolecules from the cell surface are the biological functions that are most commonly associated with the LDL receptor gene family, other roles as direct signal transducers or modulators of a broad range of cellular signaling pathways have recently begun to emerge. For instance, the ApoE receptor-2 (Apoer2/Lrp8) and the very-low-density lipoprotein receptor (Vldlr) not only control neuronal migration during brain development (3) , but also synaptic transmission in the mature brain (4) . LRP1 is one of the most multifunctional members of the family (5) being involved, e.g. in lipoprotein transport, the regulation of cell surface protease activity and the modulation of platelet-derived growth factor receptor-b (PDGFRb) signaling in the smooth muscle cells of the vascular wall (6 -9) .
In contrast, the biological functions of Megf 7/Lrp4 have so far remained obscure. In size and structural complexity, it assumes an intermediate place, between the smaller LDL receptor, Apoer2 and Vldlr on one side and the much larger LRP1, LRP1b and megalin on the other (reviewed in 2). Like all other members of the family, it possesses an NPxY sequence in its cytoplasmic domain, a tetraamino acid motif that has been shown to mediate the coupling of these receptors to both, the endocytic machinery (10, 11) and to a wide range of intracellular signaling cascades (reviewed in 12). The structural organization of the extracellular domain of Megf 7 closely resembles that of Lrp5 and Lrp6, two members of a subfamily of LDL receptor-related proteins (LRPs) that function as co-receptors in the Wnt signaling cascade (13 -15) .
To gain a first insight into the biological functions of Megf 7/Lrp4, we have knocked out the gene in mice.
The resulting autosomal recessive phenotype includes a fully penetrant form of polysyndactyly and a mild and incompletely penetrant form of craniofacial abnormalities, which are also frequently associated with abnormal limb development in humans. These findings suggest a likely role for Megf 7/Lrp4 as a modulator of the signaling pathways that control limb development in the embryo.
A complex coordinated interplay of several different signaling pathways is required for the proper patterning of the complex structure of the distal limb (reviewed in 16). These include several distinct families of signaling molecules such as fibroblast growth factors (Fgf ), bone morphogenic proteins (Bmp), Wnts (Wnt) and sonic hedgehog (Shh), as well as transcription factors, for instance, En1, Msx1 and Lmx1b. An important structure of the developing limb bud is the apical ectodermal ridge (AER), a band of pseudostratified epithelium that arises from the ectoderm and that marks the border between the dorsal and the ventral sides. Proper maintenance of this dorsoventral border is required for the integrity of the AER (17) . The AER secretes several of the factors mentioned above and is required for the coordination of growth and patterning, primarily of the distal portions of the limb bud. Bmp receptor 1A, Fgf and Wnt proteins are particularly important for the formation and maintenance of the AER (16, 18, 19) . Deregulated Wnt signaling, caused by a hypomorphic mutation of the negative regulator of Wnt signaling, Dickkopf-1 (Dkk1), results in the expansion of the AER, the formation of a doubleridge and a mild form of polysyndactyly (20, 21) . Doubleridge genetically interacts with En1 and Wnt7a, resulting in a more severe and a milder phenotype, respectively (21) , and emphasizing the importance of tightly regulated Wnt signaling during limb development. Consistent with these findings, ectodermal Wnt3 signaling is required for the formation and maintenance of the AER (18) and constitutive activation of the canonical Wnt pathway in the limb ectoderm results in the expansion of the AER (19) . Likewise, Bmp receptor 1A, which mediates Bmp2 and Bmp4 signaling (22) , is also required for AER formation (19) , as well as for tooth development (23) where it functions upstream of Wnt/b-catenin signaling.
In this study, we have determined that Megf 7 is expressed in a polarized pattern in the AER and in the ventral ectoderm. Disruption of Megf 7 results in reduced cell death in the apical ectoderm, symmetrical dorsal and ventral expansion and thickening of the AER, and the abnormal expression of several signaling molecules and transcription factors in a pattern that closely resembles that seen in the doubleridge (Dkk1 d/d ) mutation. Megf 7 potently suppresses canonical Wnt signaling in cultured cells. Taken together, these findings suggest that Megf 7 may function as a negative regulator of Wnt signaling during limb development, although these data do not exclude a larger role as a multifunctional modulator of additional signaling pathways, possibly involving Fgfs and Bmps.
RESULTS

Generation of Megf 7
2/2 mice Disruption of Megf 7 by homologous recombination in embryonic stem cells was achieved by introducing a stop codon just upstream of the transmembrane segment (Fig. 1B) . This strategy was chosen, because it prevents the production of a membrane-anchored receptor and eliminates any possibility of any residual functional activity through alternative splicing of the extracellular domain or the use of alternative promoters for transcription initiation. Figure 1A shows the organization of the wild-type and targeted alleles and the location of the DNA probe used for Southern analysis. A stop codon was introduced by site-specific mutation into exon 36 at the 3 0 end of the long arm of the targeting vector as described in Materials and Methods. Homologous recombination at the Megf 7 locus replaces part of exon 36 and 2.1 kb of intron 36 with a PGKneobpA expression cassette.
Successful recombination was ascertained by Southern blotting of two independently derived ES cell clones using the indicated probe (Fig. 1C , recombined allele at 4.5 kb) and by PCR (see Materials and Methods). Two independent ES cell clones that were injected into C57Bl/6 blastocysts generated chimeras that sired heterozygous offspring. Both independently derived lines yielded identical results. Homozygous Megf 7 knockout mice were identified among the live offspring from heterozygous matings at significantly lower than expected ratios using the x 2 test (27 knockouts out of 169 pups alive at P5, P , 0.05), but not among the embryos used for the described in situ hybridization studies (99 heterozygotes:100 homozygotes from heterozygote Â homozygote matings). Body weight and postnatal growth of homozygous pups were also significantly reduced when compared with wild-type and heterozygous littermates (Fig. 1D) . The complete lack of functional transcripts in the knockouts was ascertained by RT -PCR and sequencing of recombinant transcripts (Supplementary Material, Fig. S1 ).
Polysyndactyly in Megf 7
2/2 mice Homozygous Megf 7 knockout mice present with polysyndactyly ( Fig. 2A) , a fully penetrant phenotype that is characterized by the fusion and duplication of digits at both the fore (F) and hind (H) limbs. No other gross abnormalities of axial skeleton or organ systems were noted in the Megf 7-deficient mice (data not shown). Figure 2B shows Alcian Blue and Alizarin Red staining of adult skeletized fore (F) and hind (H) limbs, revealing extensive bone fusion as well as the presence of extra digits in the knockout (right panels). Mild craniofacial abnormalities, mainly in the form of incisor defects, were found less frequently (Fig. 2C) . Sectioning of front and hind paws of 14-day-old wild-type and mutant mice revealed fused digital bones and tendons, club-shaped deformities of digital tips and metaphyseal defects (Supplementary Material, Fig. S2 ).
To further explore the structural abnormalities of the limb in the Megf 7-deficient homozygotes, we analyzed the pattern of cartilage formation at different developmental time points (Fig. 3) . Whole mount in situ hybridization was used to visualize the expression of Col2a1, a marker for pre-hypertrophic chondrocytes (24) , at E11.5 ( Fig. 3A) and E12.5 ( Fig. 3B ) during development. Although the Col2a1 pattern in the mutants (right panels) at E11.5 is not significantly different from that of wild-type controls (Fig. 3A) , abnormal chondrocyte compaction and digital fusion is readily apparent in knockout fore (F) and hind (H) limbs at E12.5 (Fig. 3B) . Thus, the skeletal defects become manifest between E11.5 and E12.5 of embryonic development. Alcian Blue and Alizarin Red were also used to stain for cartilage and bone in knockout P0 pups (Fig. 3C) . As expected from the results obtained in the adults (Fig. 2B) , the digital cartilage is broadly fused and calcification of the bones is significantly delayed when compared with the wild-type (left panel).
Megf 7 is expressed in the AER
To better understand how Megf 7 controls limb development, we examined its developmental expression pattern using whole mount in situ hybridization (Fig. 4) . Megf 7 transcript was detected in a weak and diffuse pattern in the forelimb bud where it begins to compact at the apical ridge at E9.5 ( Fig. 4A, arrows) . By E10.5, Megf 7 expression is clearly visible in both the fore (F) and hind (H) limb buds, where it is now restricted to the AER (Fig. 4B, arrows) . No signal was observed with a sense probe at any time (right panel, Fig. 4B ). Cross-sectioning of E10.5 limb buds revealed strong Megf 7 expression in the AER and in the ventral ectoderm ( Fig. 4C ). This highly polarized expression of Megf 7 is similar to that of En1 (32) and suggests that Megf 7 might be required either for the development of the AER, for the expression of factors that are normally secreted by the AER, or for the normal propagation of signals required for limb development. Under Nomarski optics, the AER in the mutant limb buds was grossly enlarged and broadened compared with wild-type controls (Fig. 4D ). To determine whether this might be caused by defects in the execution of the normal apoptotic program in the apical ectoderm, we performed a TUNEL analysis of the developing limbs (Fig. 4E) . Apoptotic cells at the surface of the limb bud are normally confined to the AER (WT, left panels), but were virtually absent from the apical section of the knockout AER, and reduced or scattered in the posterior and anterior portions of the AER in the mutant limb buds.
The AER is defective in Megf 7
2/2
To further explore this striking defect of the AER, we next used whole mount in situ hybridization to investigate the expression pattern of genes that play pivotal roles during limb development. We began by examining the expression pattern of Fgf 8, which is highly expressed in the AER (16) where it is induced by canonical Wnt signaling (19) and also required for the formation of this structure (Fig. 5 ).
Whole mount in situ hybridization shows diffuse expression of Fgf 8 at E9.5 ( Fig. 5A ) compared with the wild-type (left panel) that is spread over the entire distal end of the developing limb bud in the Megf 7 mutants (right panel). Thus, the defect in Fgf 8 expression caused by disruption of Megf 7 can already be seen as early as E9.5, the stage when the forelimb bud begins to emerge from the lateral mesoderm. At E10.5 ( Fig. 5B ) and E11.5 ( Fig. 5C ), Fgf 8 continues to fail to compact in the mutants (right panels) into the single distinctive line that identifies the AER in the wild-type (left panels). Instead, Fgf 8 expression is split into a dorsal and a ventral ridge of high expression, separated by an area of lower and diffuse expressions. This pattern of Fgf 8 expression is highly reminiscent of that seen in the doubleridge mutant (20) . The thickening and symmetrical broadening of the Fgf 8 expressing AER in the mutants is particularly impressive in a cross-section through the limb bud at its apex ( Fig. 5D ) and consistent with abnormally elevated levels of Wnt signaling in the AER.
The Shh expression pattern is disrupted in Megf 7
Shh is a marker for the zone of polarizing activity (ZPA), another organizing center involved in anterior -posterior patterning during limb development (16, 25) . As is the case for Fgf 8, the expression pattern of Shh (Fig. 6 ) in Megf 7 knockout embryos at E10.5 ( Fig. 6A ) and E11.5 ( Fig. 6B) is strikingly similar to that seen in the doubleridge mutant (20) . Shh expression in the posterior mesoderm is present in a dorsal and a ventral patches, which are clearly separated by the AER in the wild-type (Fig. 6A, arrow, top left panel) . In contrast, in the mutants the centers of Shh expression are more widely spaced apart due to the disruption of the AER (Fig. 6A , arrow, top right panel), with the dorsal patch consistently expressing higher levels of Shh than the ventral one (notched arrows). Overall expression levels in the ventral patch also appear consistently lower than that in the wildtype. This is consistent with the fact that factors secreted from the AER, such as Fgfs, Wnts and Bmps, are required for maximal Shh expression (26 -30) .
The striking similarity of the Megf 7 2/2 phenotype with the doubleridge mutant prompted us to investigate the expression of Lmx1b, a homeobox transcription factor and Wnt7a target gene (Fig. 7) . Lmx1b is exclusively expressed in the dorsal mesoderm where it is induced by Wnt7a, which is secreted from the overlying dorsal ectoderm (25, 31) . Thus, Lmx1b is an excellent marker that allows us to visualize the state of dorsal -ventral patterning in the Megf 7 mutants.
Although the dorsal mesoderm continues to be the preferential site of expression of Lmx1b in the knockout (E9.5, Fig. 7A ), the sharp border that defines the boundary between the dorsal and the ventral parts of the limb bud in the wild-type is not as well defined in the mutants at E10.5 and E11.5 (arrows, Fig. 7B and C) . This loss of a discrete border between the dorsal and ventral compartments suggests a possible role for Megf 7 in defining the boundary between the dorsal and ventral limb buds. To confirm this finding, we also performed whole mount in situ hybridizations for Wnt7a, the upstream regulator of Lmx1b. The zone of Wnt7a expression in the dorsal ectoderm is displaced proximally from the distal zone of the bud (the future autopod) by the expansion of the AER (Supplementary Material, Fig. S3 ). However, Wnt7a expression remains restricted to the dorsal side, in contrast to En1 deficiency where Wnt7a expression extends to the ventral side (32) . Megf 7 may thus act as a regulator of signaling and gene expression at the dorsal -ventral border. It is required for the homeostasis of proliferation and apoptosis in the apical ectoderm and may also participate in defining cell identity at the border between the dorsal and ventral compartments of the limb bud.
Abnormal Bmp expression in Megf 7
Regulated Bmp signaling is important not only for the induction, but also for the maintenance of the AER, and Bmp4 is an important factor in the regulation of limb development that is 
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secreted from the AER and the underlying mesoderm. It functions upstream of Shh to regulate Shh expression in the tooth germ and in the developing limb (29, 33) and also regulates the expression of Bmp2, another Bmp family member that is involved in the specification of digit identity. The expression pattern of Bmp4 in the AER mirrors that of Fgf 8 both in the wild-type and in the Megf 7 knockout (arrows, Fig. 8A and B), inasmuch as the AER is replaced by a doubleridge, with relatively reduced expression of Bmp4 between the medial and lateral ridge lines. As a result, the expression of Msx1, a Bmp-responsive gene (28) , is both ventrally and dorsally broadened (arrows, Fig. 8C and D) . Bmp2 participates in digit specification and its expression is regulated by Shh (34). Expression of Bmp2 in the Megf 7 knockout at E11.5 is diffused and the levels do not appear to be significantly different from the wild-type at this stage (Fig. 8E) , consistent with the expression of Shh, which is still present, albeit at lower levels than in the wild-type (Fig. 6 ). At E12.5, however, Bmp2 expression in the knockout is significantly reduced compared with wild-type embryos and the typical expression pattern of Bmp2 in the interdigital mesoderm where Bmp2 is involved in the regulation of apoptosis and chondrocyte condensation (35) is disrupted (Fig. 8F) .
Hoxd group 11 -13 genes are important for the development of the autopod (reviewed in 36). Overall, Hoxd12 expression levels in the mutant were comparable to wild-type at E12.5, however, the patterning that is clearly apparent in the wildtype at this stage is lacking in the mutants (Fig. 8G) . Similarly, the expression of Gli1, a transcription factor that is regulated by Shh in the target cell, is disrupted in the mutants and reflects the absence of normal digit specification (Fig. 8H) . Taken together, these in situ hybridization data reveal the disruption of multiple signaling pathways required for the regulation of normal limb development.
The striking similarity of the Megf 7 knockout and the doubleridge phenotypes, combined with the structural homology of the Megf 7 extracellular domain with that of the Wnt co-receptors Lrp5 and Lrp6 (reviewed in 2) prompted us to test, whether Megf 7, like Dkk1, could function as a negative regulator of Wnt signaling. HEK293 cells were transfected using the TOP-Flash Wnt reporter system, in the absence or presence of Wnt1, Megf 7, LRP1 or VLDLR, two other members of the LDL receptor gene family. Activation of the canonical (b-catenin) Wnt signaling pathway and subsequent transcription of the firefly luciferase reporter requires the presence of LRP5/6 as well as the interaction of Wnt1 with Frizzled receptors on the surface of the 293 cells. LRP1 has previously been shown to antagonize Wnt signaling by competing with LRP5/6, thereby sequestering Frizzled receptors and disrupting the Wnt signaling complex at the plasma membrane (37) . VLDLR, as well as two other LDL receptor family members, LRP1b and Apoer2 (data not shown), was used as a negative control. Both LRP1 and Megf 7 inhibited the Wntinduced activation of the luciferase reporter to a similar extent in this assay (Fig. 9A) , suggesting that Megf 7, like LRP1, can also antagonize the LRP5/6-mediated activation of this signaling pathway. Neither VLDLR (Fig. 9A) , nor LRP1b or Apoer2 (data not shown), had an effect on Wnt activity in this assay, indicating that inhibition of signaling by Megf 7 was specific. Inhibition of Wnt signaling by Megf 7 was dose-dependent (Fig. 9B) . Increasing amounts of Megf 7 progressively inhibited the Wnt1-and LRP6-dependent activation of the reporter.
DISCUSSION
Megf 7/Lrp4 knockout mice were generated by homologous recombination. Homozygous knockout animals show fully penetrant polysyndactyly, sometimes combined with mild and only partially penetrant abnormalities of tooth development (Fig. 2) . This striking phenotype first manifests itself at the early stages of limb bud development, when Megf 7 is expressed in the AER, a stripe-shaped organizing center at the distal end of the limb bud and in the ventral ectoderm (Fig. 4) . Loss of Megf 7 results in disruption of the AER and ectopic expression of several genes required for laying down and maintaining the patterns that are required for the ordered development of the autopod. These genes encode signaling proteins of the Fgf, Bmp and Shh families, as well as several transcription factors that are also controlled by Wnt signals (Figs 5 -8) .
How does Megf 7 regulate limb development? Although this initial study into the physiological role of Megf 7 cannot provide a comprehensive answer to this complex and still incompletely understood process, the results of this study have nevertheless revealed a pivotal role for Megf 7 in the regulation of essential signaling pathways that emanate from the AER and that act in a coordinated fashion to direct the proper development of the autopod. As a transmembrane protein and cell surface receptor, Megf 7 could participate in this process in various ways for which precedents have emerged from studies on other members of the LDL receptor gene family.
LDL receptor family members can either signal directly or indirectly modulate the function of other primary signal transducers. For instance, Apoer2 and Vldlr can recruit and directly stimulate non-receptor tyrosine kinases of the Src family and other intracellular kinase cascades in response to Reelin binding to their extracellular domains (38 -40) . Another example is LRP1, which interacts with the PDGF receptor-b (PDGFRb) and thereby modulates the subcellular trafficking of this receptor tyrosine kinase (41) . However, LRP1 also serves as a co-receptor for PDGFRb, inasmuch as its cytoplasmic domain undergoes tyrosine phosphorylation in response to PDGFRb signaling (7, 9) , which can now act as a scaffold for the recruitment of other signal transducers, specifically the Shc adapter protein (42) . This co-receptor function of LRP1 is of vital importance for the regulation of PDGF signaling and for the maintenance of the integrity of the vascular wall (6) . Moreover, LRP1 has recently been suggested to function as a co-receptor for Frizzled-1, a receptor for Wnt3a (37) . We have confirmed that LRP1 can negatively regulate Wnt signaling in vitro and that Megf 7 can function in a similar manner (Fig. 9 ). LRP1 has also been recognized to be identical to the large TGFb-receptor V (43), further supporting a multifunctional role of this versatile protein as a modulator of diverse signaling processes.
Megalin is another large member of the LDL receptor gene family that is involved in the regulation of a range of other Human Molecular Genetics, 2005, Vol. 14, No. 22 distinct cellular signaling pathways. It modulates the signaling of steroid hormones by mediating their intercellular transport and uptake. Notably, however, Megalin has been reported to bind Shh at its extracellular domain (44) , as well as Bmps, specifically Bmp4. Loss of Megalin expression results in a patterning defect of the ventral telencephalon, which is caused by increased Bmp4 signaling and concomitant loss of Shh expression in the ventral forebrain. The mechanism by which Megalin deficiency causes this defect has been attributed to decreased clearance of Bmp4 (45) .
The physiological consequences of the Megalin defect for brain development bear some resemblance to the ones we have uncovered here in the Megf 7 knockout for limb formation. However, the specific mechanism(s) that apply to Megf 7 in this case require a series of further extensive investigations. As has been suggested for Megalin, Megf 7 might serve as a clearance receptor for signaling proteins that are secreted by the AER or surrounding tissues, including Bmps. A role for Megf 7 in tooth development (Fig. 2C) , which also requires Bmp receptor 1A (23) , is consistent with such a function. Another attractive mechanism by which Megf 7 might conceivably control AER formation and maintenance could involve a co-receptor function, similar to the one LRP1 plays in conjunction with PDGFRb. Potential interacting partners include Fgf, Bmp and Frizzled receptors or the Shh signaling complex. It is also possible that Megf 7, like Megalin or LRP1, can interact with more than one of these ligands or receptors, alone or in combination. A role of Megf 7 in Wnt signaling is very likely, because of the strong resemblance of the Megf 7 knockout phenotype with the doubleridge mutation, which affects Dkk1, a negative regulator of Wnt signaling (20, 21, 46) . This is also supported by the ability of Megf 7 to potently antagonize canonical Wnt signaling through b-catenin in an in vitro reporter assay (Fig. 9) . The striking expansion of the AER is consistent with abnormally increased Wnt signaling in the AER (19) . However, inasmuch as Megf 7 can antagonize Lrp5/6-dependent activation of the canonical Wnt signaling pathway (Fig. 9) , the current data cannot exclude a possible independent role for Megf 7 as a mediator of a non-canonical Wnt signal in lieu of Lrp5/6.
Megf 7 does not appear to play a major role in establishing dorsal -ventral polarity, although the expansion of the AER results in the proximal displacement of the Wnt7a expression in the dorsal ectoderm (Supplementary Material, Fig. S3 ). However, the abnormal expansion of the AER in the Megf 7 knockouts appears symmetrical (Figs 4 and 5) and Lmx1b expression is only mildly affected in the mutants (Fig. 7) .
The conclusive molecular dissection of the signaling pathways that are modulated by Megf 7 is not a straightforward process, because these pathways themselves are often regulated by accessory proteins-such as Megf 7, or other adaptor or scaffolding proteins-in a cell-type-specific fashion. A detailed understanding of the molecular mechanisms by which Megf 7 regulates the complex processes that culminate in the formation of the distal limbs will require the use of a battery of experimental systems in vitro and in vivo that are best adapted to the study of the diverse signaling pathways in which Megf 7 could be involved, as well as the generation and analysis of a series of compound mutant strains of mice that carry specific mutations in Megf 7 or putative interacting proteins. Our current findings establish a physiological role for Megf 7, which, like other members of the LDL receptor gene family, can function as modulator and potentially as an integrator of diverse signaling pathways during development.
MATERIALS AND METHODS
Generation of Megf 7 knockout mice
A replacement-type vector was constructed using long and short arms of homology amplified by PCR from ES cell genomic DNA using long-range PCR (Takara Biochemical, Inc., Berkeley, CA) and the following primers: KI3 (5 0 -CCA CCACCTGCAGGGTATACTGAGGAGTCCACCGATGGCA TAGCTG-3 0 ) and KI4 (5 0 -CCACCACCTGCAGGCGGCCG CGAATATGATATCATGTCAATACTAGAGACTTACC-3 0 ) were used as 5 0 and 3 0 primers, respectively, to amplify the long arm. MEJ76 (5 0 -CCACCACTCGAGCCTGTGGACCT TCCTAT AAGTCAACTTCC 3 0 ) and MEJ77 (5 0 -CCACCA CTCGAGGGTTGACTGCTAACAATCAGAGCAGGCTG-3 0 ) were used as 5 0 and 3 0 primers, respectively, for the short arm. The short arm was cloned into pJB1 (47) at the XhoI site. The long arm was mutated using MEJ143 (5 0 -CCTAGGTGAAGG ACTGTAAGTCAGCTATGCCATC-3 0 ) and MEJ144 (5 0 -GATGGCATAGCTGACTTACAGTCCTTCACCTAGG-3 0 ) to introduce a stop codon into exon 36. The mutated long arm and the bovine growth hormone 3 0 untranslated region were cloned into the pJB1-short arm containing plasmid using NotI to generate the targeting vector. Recombinant ES cell clones were generated by electroporating the linearized vector into SM1 ES cells. Clones were selected by PCR, verified by Southern blotting and two independent Megf 7 knockout strains of mice were generated by crossing chimeric male mice with C57BL/6 females as previously described (48) . All subsequent analyses were done on a 129SvEv Â C57BL/6 hybrid background.
Mice were genotyped by PCR as follows: MEJ155 (5 0 -CCC AGCTGGGCCTCTGTGCACATTCCAATG-3 0 ) and MEJ166 (5 0 -CCATGGCCTCTGCATTAGTTCTTGCTCTC-3 0 ) were used to selectively amplify the wild-type allele and MEJ156 (5 0 -CTCTGAAAGGGATGCCCAGCTGGGCCTCTG-3 0 ) and MEJ267 (5 0 CGATGGCATAGCTGACTTA-3 0 ) were used to amplify the knockout allele.
Southern blotting for detecting the 7.4 kb wild-type and the 4.5 kb knockout alleles was performed using standard techniques. The Southern probe was amplified by PCR from mouse genomic DNA using the following primers. MEJ150 (5 0 -GGC ACATATCCCAGCACACATAGAGGTCAG-3 0 ) and MEJ151 (5 0 -AGTTTGCCCACACTATAAGACTCCTCAC-3 0 ). The fragment was labeled with P 32 -dCTP using the Rediprime II kit (Amersham Pharmacia Biotech). ES cells were cultured without a feeder layer until they were almost confluent. Genomic DNA was isolated from the ES cells using proteinase K digestion and phenol/chloroform extraction. The isolated DNA was digested with EcoRI and SacI, run on agarose gels and blotted onto Hybond-XL (Amersham Pharmacia Biotech). The labeled probe was hybridized to the membrane in Rapid-Hyb Buffer (Amersham Pharmacia Biotech) and washed. Bound radioactivity was detected by phosphoimager.
Alcian Blue/Alizarin Red staining
Adult and embryo skeletons were prepared and stained as previously described (49) . Briefly, most of the soft tissue was removed from the adult mice and the skin and internal organs were removed from the P0 pups. Skeletons were fixed in ethanol. The lipids remaining on the skeletons were removed with acetone. Skeletons were then stained with Alizarin Red and Alcian Blue. The soft tissue was dissolved with potassium hydroxide and then clarified with glycerol.
Whole mount in situ hybridization
Whole mount in situ hybridization was performed as described previously but with a few minor modifications as described in (50) . Briefly, embryos were harvested and fixed in 4% paraformaldehyde in PBS at 48C. Fixed embryos were dehydrated through successive washes in methanol/PBST and stored at 2208C in methanol. Embryos were bleached in 6% hydrogen peroxide for 4 -6 h at 228C and then rehydrated through successive washes in methanol/PBST. Embryos were digested using 10 mg/ml proteinase K in PBST for varying times depending on the age and size of the specimen. The digest was quenched with two washes of 2 mg/ml glycine/PBST. Embryos were refixed in 0.2% glutaraldehyde, 4% paraformaldehyde, PBST for 20 min at 228C. Embryos were incubated at 658C in hybridization buffer (50% formamide, 5Â SSC, 50 mg/ml tRNA, 0.05% heparin, 1% SDS) for 1 h followed by an overnight incubation at 658C with the respective digoxigenin-UTP labeled probes. Embryos were then washed twice in wash buffer 1 (50% formamide, 5Â SSC, 1% SDS) at 658C, next with a 1: 1 mix of wash buffer 1 and wash buffer 2 (0.5 M NaCl, 10 mM Tris, pH 7.4, 0.1% Tween-20) at 658C, then in wash buffer 2 at 228C (30 min per wash). Embryos were then treated with 100 mg/ml RNase A in wash buffer 2 for 30 min at 378C, followed by two incubations in wash buffer 3 (50% formamide, 2Â SSC, 0.1% Tween-20) for 30 min at 658C. Embryos were then rinsed in TBST and treated with Blocking Solution (TBST containing 10% sheep serum, 2% BSA, 2 mM levamisole) for 1 h before incubation overnight at 48C in the alkaline phosphatase-coupled antidigoxigenin antibody-containing solution [TBST, 1% sheep serum, 2% BSA, 2 mM levamisole, 1 : 2000 anti-dig-AP (from Roche Applied Science)]. Embryos were washed several times in TBST containing 2 mM levamisole. Color reaction was developed in NTMT with 0.34 mg/ml NBT and 0.18 mg/ml BCIP, and embryos were washed in TBST, dehydrated and rehydrated with successive washes of TBST/ methanol. For sectioning, stained embryos were washed three times in PBS and embedded in 2% agarose. Fifty-tohundred micrometer-serial sections were obtained using a VT1000S vibratome (Leica).
To reduce the number of animals used in these experiments and to facilitate analysis, both wild-type and heterozygous embryos were used as controls and designated wild-type, as they were phenotypically indistinguishable, and compared with homozygous littermate embryos. Probes were generated from reverse-transcribed RNA using the following primers. 
Whole mount TUNEL assay
Embryos were prepared and stored in pre-hybridization buffer at 2208C as described in the whole mount in situ methods. Embryos were then thoroughly washed overnight in PBS and equilibrated in 100 ml TUNEL Label mix (Roche Applied Science) at room temperature for 5 min. The TUNEL Label mix was replaced with 95 ml TUNEL Label mix and 5 ml TUNEL Enzyme and incubated at 378C for 2 h. Embryos were then washed in TBST and labeled using TUNEL AP antibody at 100 ml/embryo and stained as described earlier for the whole mount in situ hybridizations.
Wnt activity assay
HEK-293 cells were plated at 400 000 cells/well in 6-well plates and grown to 50-80% confluency in 10% FBS/ DMEM. Cells were transfected using the TOP-Flash reporter system (Upstate Cell Signaling Solutions) and the indicated expression plasmids for Wnt1, LRP6, Megf 7, LRP1 and VLDLR in pCDNA3.1. Transfections were performed with the Fugene 6 reagent (Roche) using the manufacturer's protocol. Cells were lysed 2 days after transfection and lysates were assayed for firefly and runilla luciferase activities using the Dual Luciferase Reporter Assay System (Promega). Transfections were performed in triplicate. Each transfection was measured in triplicate. Between 3 and 11 independent samples were assayed for each condition.
